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ABSTRACT 
 The design and testing of an apparatus to use in subcooled boiling flow experiments. A 
vertical annulus flow loop was design to mimic a rod used in a reactor boiler. The system was 
tested at different velocities and temperatures to verify it could be used in a range of experiments 
to try and match real world conditions. The system managed to produce the desired outcome of 
bubble growth in a desired location as well as run with the PIV system showing good prospect in 
the intended use of the experimental set up.  
INTRODUCTION 
 
 Heat exchangers are used in many aspects of everyday life. Of particular concern for 
safety is in the use of energy producing devices such as power plants. Making sure that the 
transfer of heat to flowing fluid does not result in dryout requires a better understanding of 
subcooled boiling flow. Dryout is a very dangerous condition which may cause overheat and 
result in poor heat transfer at the location of dryout. If this occurs in a reactor boiler it could 
mean overheat of the reactor tube which is a safety concern. Many experiments have been done 
that measure bubble growth and departure in a vertical annulus but have not studied the flow 
around the bubble which would help to understand the phenomenon better and help in creating 
models of the bubble growth and flow system to improve on design of rod bundles and heat 
exchangers. An experimental facility was built to help in the study of flow around the bubble 
through Particle Image Velocimetry (PIV) which would be used in future experiments. The 
purpose of the setup was to test that the system would produce bubble growth and departure in a 
desired location which could be filmed with a high speed video camera and use the glass beads 
required for PIV in fluid being used. 
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APPARATUS AND METHODS 
Layout 
 
The flow loop was designed with the intent of using an internally heated annulus to study 
the growth and departure of bubbles in subcooled boiling flow. The fluid to be used is deionized 
water with glass beads to be used with Particle Image Velocimetry (PIV) for future studies the 
flow around the growing bubble. The flow velocities within the annulus were determined to 
match similar flow rates used by Situ et al. (2003) which were 0.5 m/s up to 1.22 m/s. These 
minimum parameters were used to determine the flow loop layout (Fig. 1). 
 
Figure 1: Flow Loop Layout 
 
The loop layout starts with a storage tank with a heater designed to bring the fluid to a 
temperature to just below subcooled boiling temps. The storage tank/ heater section is used to 
also inject the glass beads used for the PIV analysis. The fluid then flows through the pipes to the 
test section. To allow for flow control a bypass as well as a flow control valve is available to 
regulate the flow to the test section. Temperature and pressure is measured before and after the 
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test section to verify that subcooled boiling has been achieved. After the test section there is a 
condenser to bring the fluid temperature down as needed. There is a bypass to the storage tank to 
keep the fluid at the correct temperature for the experiment. 
The use of glass beads, for PIV and which should not be crushed, required the use of a 
special pump. The pumps available also had to be able to withstand the use of deionized water as 
well as the pressure loss of the system. To allow for more variation, the system was also upsized 
to handle velocities from 0.074 m/s up to 2.94 m/s. This meant a special order pump was 
required, a vertical multistage, inline centrifugal pump with stainless steel impellors to withstand 
the deionized water. The centrifugal pump was from Grundfos which was designed to carry 
slurries so it would not crush or damage the glass beads for the PIV system to be used in the 
future. Major components used for the apparatus are listed in Table 1. 
Component Company Model Details 
Pump Grundfos CRN 1-4-U-FGJ-G-E-HQQE Figures 2-3 
VFD Minarik VFDP4X04-D230-PCM 
Figure 4 
Table 2 
Flow Meter 
McMaster-
Carr 
4161A64 
Figures 1-5 
Tables 1-5 
Pressure 
Gauges 
McMaster-
Carr 
4010K114 
Figures 1-5 
Tables 1-5 
Thermocouples Omega TMQSS-125G-6 
Figures 1-5 
Tables 1-5 
Test Section  
Thermocouples 
Omega TMQIN-020G-48 
Figures 1-5 
Tables 1-5 
Test Section 
Heater 
Cartridge 
McMaster-
Carr 
3618K148 
Figures 1-5 
Tables 1-5 
Table 1: Major components used in apparatus 
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Figure 2: Pump picture and internals depiction 
 
 
Figure 3: Pump curves 
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Figure 4: Variable Frequency Drive to adjust the pump output 
 
Table 2: VFD Specifications 
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Figure 5: Flow meter that can be used in both vertical and horizontal positions 
Flow Meter 
Fluid Materials 
Pipe 
Size 
(in.) 
Length 
(in.) 
Accuracy 
(%) 
Flow 
Range 
(gpm) 
Temperature 
Range (°F) 
Water 
Polycarbonate Body 
Polysulfone Fittings 
3/4 8" ±5 1 - 15 33 - 200 
Table 3: Flow Meter Specifications 
 
 
Figure 6: Pressure gauges 
Flow Meter 
Fluid 
Pipe 
Size 
(in.) 
Dial 
Size 
(in.) 
Accuracy 
(%) 
Pressure 
Range 
(psi) 
Grad 
Marks 
(psi) 
Numeric 
Increments 
(psi) 
Temperature 
Range (°F) 
Water 1/2 4.5 ±0.5 0 - 100 1 10 -40 to 150 
Table 4: Flow Meter Specifications 
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Figure 7: Thermocouples 
Thermocouples 
Location Part 
Thermocouple Type Sheath 
Junction 
Designation Materials 
Temperature 
Range (°C) 
Material 
Diameter 
(in.) 
Length 
(in.) 
Flow Loop 
TMQSS-
125G-6 
T 
Copper-
Constantan 
-200 to 350 
Stainless 
Steel 
0.125 6 Grounded 
Test 
Section 
TMQIN-
020G-48 
T 
Copper-
Constantan 
-200 to 350 Inconnel 0.02 48 Grounded 
Table 5: Thermocouple specifications 
 
  
Figure 8: Cartridge Heater with braided lead covering 
Heater Cartridge 
Length 
(m) 
Diameter 
(m) 
Surface 
area (m2) 
Volts Watts 
q' 
(kW/m2) 
Surface 
Temp. 
(°C) 
0.254 6.3x10
-3
 4.7x10
-4
 120 750 149.21 760 
Table 6: Heater cartridge specifications 
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Test section 
 
The test section is a vertical annulus design. The outer tube is polycarbonate to handle the 
temperatures and pressures of the system. The inner tube is an Inconel hollow tube with a 
cartridge heater and thermocouple in the section to be studied (Fig. 2). To keep the tube centered 
the lower tee has a conical spring where the base of the cone is the same width as the inside 
diameter of the tee and the top of the cone has an opening the same size the inconel tube. This 
design, although increases the pressure drop and turbulence at the entrance of the test section, 
helps to maintain the inconel tube centered in the polycarbonate tube. To overcome the 
turbulence issue the test section was made long enough before the test area for the flow to be less 
turbulent. A safety factor was added to the pump to overcome any potential increases in pressure 
drop. The cartridge heater is used to bring the temperature up locally to subcooled boiling where 
the lasers for the PIV will be aimed. The Inconel coated thermocouple was snaked through the 
inner tube and poked through near the surface where the bubble was expected to grow; the hole 
was sealed with an epoxy made for use with Inconel. Since we are trying to study bubble growth 
and departure as well as future studies of flow around a bubble we created a divot in the tube 
near the thermocouple which would help force bubble growth in that area. 
 
Figure 9: Test Section cross section view 
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Calculations 
 
The pressure loss in the flow loop was calculated using excel for our maximum flow of 
37.9 l/m (10 gpm).  The formulas 1-8 were inputted based on the properties of the tubes and fluid 
being used. The Colebrook equation for Turbulent flows (formula 3) was calculated using 
iteration embedded in excel and minor loss coefficients for the losses due to bends and valves 
were based on industry standards. The condenser coil pressure loss was calculated using Mishra 
and Gupta pressure loss correlation for turbulent flow, for Re >4500 (7). This correlation is then 
used in the Fanning friction factor (8). 
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Calculating for the different formulas to obtain characteristics to calculate the pressures 
loss the following results were obtained: 
Velocity u =  Q/A (Pipe 0.75"/0.01905 m O.D., 0.686"/0.0174244 m I.D.) 
A = Area (m2) 
Q = Flow Rate 
(gpm) 
Q = Flow Rate 
(m3/s) 
u = Velocity 
(m/s) 
2.4x10
-5
 10 6.3x10
-5
 2.64 
    Reynolds Number   Re = u*(Dh / ν) -> 3/4" Pipe 
u = Velocity (m/s) 
Dh = Hydraulic 
Diameter (m) 
v = Kinematic 
Viscosity (m2/s) 
Re = Reynolds 
Number 
2.64 0.017 3.26x10
-6
 14121 
Table 7: Velocity and Reynolds number at highest flow rate for the pump in the main loop 
Velocity u =  Q/A (Test Section d1=0.75"/0.01905 m, d2=0.375"/0.009525 m) 
A = Area (m2) 
Q = Flow Rate 
(gpm) 
Q = Flow Rate 
(m3/s) 
u = Velocity 
(m/s) 
2.14x10
-4
 10  6.3x10
-4
 2.95 
    Reynolds Number   Re = u*(Dh / ν) ->  Test Section 
u = Velocity (m/s) 
Dh = Hydraulic 
Diameter (m) 
v = Kinematic 
Viscosity (m2/s) 
Re = Reynolds 
Number 
2.95 9.53x10
-3
 3.26x10
-6
 8610 
Table 8: Velocity and Reynolds number at highest flow rate for the pump in the test section 
Main Loop -> (Pipe 0.75"/0.01905 m O.D., 0.686"/0.0174244 m I.D.) 
Colebrook Equation (Turbulent Flow) -> 1/(f^1/2) = -2.0*log((2.51/(Re*f^1/2))+(k/Dh)/3.72) 
Re = Reynolds Number 
k = Pipe 
Roughness 
(m) 
k/Dh =  Relative 
Roughness 
f = Friction Factor (Found 
Through Iteration) 
14121 1.5x10
-6
 8.61x10
-5
 0.0118 
 
Test Section -> (Test Section d1=0.75"/0.01905 m, d2=0.375"/0.009525 m) 
Colebrook Equation (Turbulent Flow) -> 1/(f^1/2) = -2.0*log((2.51/(Re*f^1/2))+(k/Dh)/3.72) 
Re = Reynolds 
Number 
k = Pipe 
Roughness (m) 
k/Dh =  
Relative 
Roughness 
f = Friction Factor (Found Through 
Iteration) 
8610 1.5x10
-6
 1.57x10
-4
 0.0133 
Table 9: Friction factors calculated at 10 gpm flow rate 
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Piping System Minor Losses -> ΔPminor = ξ*(1/2)*ρ*u
2 
Equipment Position 
ξ = Minor 
Loss 
Coefficient 
u = Velocity 
(m/s) 
ρ = Density 
(kg/m3) 
ΔP = Change 
in Pressure 
(Pa) 
ΔP = Change 
in Pressure 
(PSI) 
Globe Valve  Open 10 2.64 948.22 33094.23 4.800 
Flow Meter Line Flow --- --- --- --- 5.000 
Ball Valve  Open 0.05 2.64 948.22 62.63 0.009 
Tee Threaded Line Flow 0.9 2.64 948.22 1127.35 0.163 
Tee Threaded Branch Flow 2.0 2.64 948.22 2505.23 0.363 
Adapter/Union Line Flow 0.08 2.64 948.22 100.21 0.0145 
Elbow Threaded Regular 0.9 2.64 948.22 1127.35 0.164 
Reducer Contraction 0.19 2.64 948.22 237.99 0.035 
Increaser Expansion 0.41 2.64 948.22 513.07 0.074 
Entrance Chamfered 0.25 2.64 948.22 313.15 0.045 
Exit To Tank 1.0 2.64 948.22 1252.61 0.182 
Test Section 
Elbow 
Regular 0.9 2.95 948.22 1257.55 0.182 
Test Section Tee Branch Flow 2.0 2.95 948.22 2794.55 0.405 
Test Section 
Adapter/Union 
Line Flow 0.08 2.95 948.22 111.78 0.016 
Table 10: Minor loss coefficient calculations at 10 gpm 
Vertical Head Loss   ΔH = f*(L/Dh)*(u
2/(g*2) ) 
  
f= Friction 
factor 
L = 
Length 
(Meter) 
Dh = 
Hydraulic 
Diameter 
(m) 
u = 
Velocity 
(m/s) 
g = 
Gravity 
(m/s2) 
ΔH (m) ΔP (PSI) 
Vertical Height 1 
(Pipe 5) 
0.0118 0.813 0.017 2.64 9.81 0.196 0.285 
Vertical Height 2 
(Test Section) 
0.0133 1.575 9.53x10
-3
 2.95 9.81 0.975 1.413 
Vertical Height 3 
(Pipe 24) 
0.0118 0.076 0.017 2.64 9.81 0.018 0.027 
Table 11: Vertical head loss in flow loop and test section 
Mishra & Gupta Equation (Turbulent Flow) -> fc = 0.0791*Re
-1/4+0.0075*√(d/D) 
Re = Reynolds 
Number 
d = Inside 
Diameter of 
Tube (m) 
D = Diameter of 
Coil (in.) 
D = 
Diameter 
of Coil (m) 
fc = Fanning 
friction factor 
for coil 
14121 0.017 10 0.254 9.22x10
-3
 
Table 12: Fanning friction factor in condenser coil 
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Piping System Major Losses -> ΔPmajor = f*(L/Dh)*(ρ*u
2/2) 
Location Name 
f = 
Friction 
Factor 
L = 
Length 
(Meter) 
Dh = 
Hydraulic 
Diameter (m) 
u = 
Velocity 
(m/s) 
ρ = 
Density 
(kg/m3) 
ΔP = 
Change in 
Pressure 
(Pa) 
ΔP = 
Change in 
Pressure 
(PSI) 
M
ai
n
 L
o
o
p
 
Pipe 1  0.0118 0.0127 0.0174 2.64 948.22 28.55 0.0041 
Pipe 2 0.0118 0.1016 0.0428 2.64 948.22 92.94 0.0135 
Pipe 3 0.0118 0.0508 0.0682 2.64 948.22 29.17 0.0042 
Pipe 4 0.0118 0.0127 0.0936 2.64 948.22 5.31 8x10
-4
 
Pipe 5 0.0118 0.8128 0.0174 2.64 948.22 1827.34 0.2650 
Pipe 6 0.0118 0.9144 0.0174 2.64 948.22 2055.76 0.2982 
Pipe 7 0.0118 0.1905 0.0174 2.64 948.22 428.28 0.0621 
Pipe 8 0.0118 0.2286 0.0174 2.64 948.22 513.94 0.0745 
Pipe 9 0.0118 0.0635 0.0174 2.64 948.22 142.76 0.0207 
Pipe 10 0.0118 0.0635 0.0174 2.64 948.22 142.76 0.0207 
Pipe 11 0.0118 0.6985 0.0174 2.64 948.22 1570.37 0.2278 
Pipe 12 0.0118 0.254 0.0174 2.64 948.22 571.05 0.0828 
Pipe 13 0.0118 0.1778 0.0174 2.64 948.22 399.73 0.0580 
Pipe 14 0.0118 0.5207 0.0174 2.64 948.22 1170.64 0.1698 
Pipe 15 0.0118 0.5207 0.0174 2.64 948.22 1170.64 0.1698 
Pipe 16 0.0118 0.3302 0.0174 2.64 948.22 742.36 0.1077 
Pipe 17 0.0118 0.1524 0.0174 2.64 948.22 342.63 0.0497 
Pipe 18 0.0118 0.1524 0.0174 2.64 948.22 342.63 0.0497 
Pipe 19 0.0133 1.5748 0.0095 2.95 948.22 9065.45 1.3148 
Pipe 20 0.0118 0.3429 0.0174 2.64 948.22 770.91 0.1118 
Pipe 21 0.0118 0.1016 0.0174 2.64 948.22 228.42 0.0331 
Pipe 22 0.0118 0.1016 0.0174 2.64 948.22 228.42 0.0331 
Pipe 23 0.0118 0.4064 0.0174 2.64 948.22 913.67 0.1325 
Pipe 24 0.0118 0.0762 0.0174 2.64 948.22 171.31 0.0248 
Pipe 25 0.0118 0.0762 0.0174 2.64 948.22 171.31 0.0248 
Table 13: Major losses in main flow loop 
Condenser Coil Pressure Loss -> ΔPcondenser = (fc*(2*ρ*u
2*Lc))/D 
fc = Fanning 
friction factor 
for coil 
ρ = Density 
(kg/m3) 
u = Velocity 
(m/s) 
D = Diameter 
of Coil (m) 
Lc = length 
of the 
coiled 
portion of 
coil (m) 
ΔPc = 
Change in 
Pressure 
(Pa) 
ΔPc = Change 
in Pressure 
(PSI) 
9.22x10
-3
 948.22 2.642 0.254 15.24 7324 1.062 
Table 14: Condenser coil pressure loss 
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Adding all the values for all the parts of the flow loop give the total pressure loss of the 
system, this is then used to size the system pump. The outcome was: 
Flow Rate @             
10 gpm  
PSI 
Safety Factor 
(25%) 
Feet Head 
Safety Factor 
(25%) 
Highest Pressure Loss 23.29 29.11 56.33 70.41 
Table 15: Highest pressure loss at highest flow rate possible 
The heater cartridge was chosen based on the heat flux of Situ et al. (2003) where the 
maximum heat flux through the test section was 150 kW/m
2
. Our main limit on the heater 
cartridge was the dimensions to fit inside the Inconel tubing. Although the heater cartridge is 
capable of 150 kW/m
2 
; the testing done with current equipment (voltage and amperage 
available) would not bring the cartridge that high.  
Heater Cartridge – actual conditions 
Length 
(m) 
Diameter 
(m) 
Surface 
area (m2) 
Volts Amps Watts 
q'' 
(kW/m2) 
0.254 6.3x10
-3
 4.7x10
-4
 130 4.0 520 103.45 
Table 16: Heater cartridge actual conditions during test 
Using the basic heat conduction formula and the properties of the heater cartridge the surface of 
the Inconel tube can be calculated with the equipment limitations.  
 
Observations: Steady state, one dimensional, cartesian coordinates, specified flux, convection. 
Assumptions: steady state, one dimensional, no energy generation, heat flux normal to plate, 
system has no movement, two boundary conditions specified heat flux and convection. 
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Governing Equation: Heat conduction equation in cylindrical coordinates. 
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Governing equation then becomes: 
 
  
  
  
  
    
   
   
   
Boundary conditions: 
1. Specified flux at x=0: 
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Integrating the governing equation twice: 
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RESULTS & CONCLUSION 
   
The system was tested at different flow rates and bulk temperatures to verify that there is 
bubble growth and departure at the particular site we wish to have bubbles grow and depart from. 
Unfortunately the internal temperature sensor, to be used to measure surface temperature at the 
bubble growth area, did not work properly since the thin wires leading from the thermocouple 
out of the Inconel pipe kept breaking. Many issues were encountered with the temperature sensor 
inside the Inconel pipe because of the tight spaces and thermal properties at the thermocouple 
site made it difficult to pick the correct epoxy that would provide sealing and adhesion to the 
inconel. Ultimately adhesion was achieved using a high temperature epoxy used in automotive 
and marine repair. Even with finally getting the desired adhesion, heat transfer properties and 
sealing the inconel, the thermocouple lead wires were so thin they kept breaking which made it 
impossible to get a temperature reading from the thermocouple. 
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 Bubble growth and departure was achieved in the desired location which would allow for 
the use of PIV to measure the velocity and flow around the bubble in future experiments. Photos 
and video of the growth site were videotaped using a high speed video camera (Phantom V310). 
The photos (figures 10-18) show that the growth site behaved as expected under the conditions 
tested which were within the range used by Situ et al. (2003). Tables 17 thru 26 show the 
systems measured and calculated conditions for the different test variations in the test section. 
Finally the PIV system was used to verify that bubble growth and that particles could be seen 
floating in the fluid (figures 19-21). The results were acceptable but would require some finer 
tuning of the system characteristics to be fully usable for the intended experiments, particularly 
the speed to achieve the bulk fluid temperature with the heater. 
 
Flow 
(l/m) 
q  
(kW/m2) 
Bulk Fluid Temp. 
@ Entrance 
(°C) 
Bulk Fluid 
Temp. @ Exit 
(°C) 
∆T Bulk 
Fluid 
(°C) 
Temp. @ 
Inconel Surface 
(°C) 
Test 1 7.6 103.45 90.5 93.6 3.1 96.7 
Test 2 11.4 103.45 95.2 97.8 2.6 101.4 
Test 3 13.2 103.45 98.6 100.1 1.5 104.8 
Table 17: Test condition of initial system tests 
Velocity u =  Q/A (Test Section d1=0.75"/0.01905 m, d2=0.375"/0.009525 m) 
A = Area (m2) 
Q = Flow Rate 
(gpm) 
Q = Flow Rate 
(m3/s) 
u = Velocity 
(m/s) 
2.14x10
-4
 2.0 1.26x10
-4
 0.589 
    Reynolds Number   Re = u*(Dh / ν) ->  Test Section 
u = Velocity (m/s) 
Dh = Hydraulic 
Diameter (m) 
v = Kinematic 
Viscosity (m2/s) 
Re = Reynolds 
Number 
0.589 9.53x10
-3
 3.26x10
-6
 1722 
Table 18: Velocity and Reynolds number at Test 1 flow rate for the pump in the test section 
  
19 
 
Main Loop  -> Colebrook Equation (Turbulent Flow) -> 1/(f^1/2) = -2.0*log((2.51/(Re*f^1/2))+(k/Dh)/3.72) 
Re = Reynolds Number 
k = Pipe 
Roughness 
(m) 
k/Dh =  Relative 
Roughness 
f = Friction Factor (Found Through 
Iteration) 
2824 1.5x10
-6
 8.61x10
-5
 0.0126 
 
Test Section -> Colebrook Equation (Turbulent Flow) -> 1/(f^1/2) = -2.0*log((2.51/(Re*f^1/2))+(k/Dh)/3.72) 
Re = Reynolds 
Number 
k = Pipe 
Roughness (m) 
k/Dh =  
Relative 
Roughness 
f = Friction Factor (Found Through Iteration) 
1722 1.5x10
-6
 1.57x10
-4
 0.0142 
Table 19: Friction factors calculated at Test 1 flow rate 
Flow Rate @ Test 1  PSI Safety Factor (25%) Feet Head Safety Factor (25%) 
Pressure Loss 6.86 8.58 16.60 20.74 
Table 20: Pressure loss at Test 1 flow rate 
Velocity u =  Q/A (Test Section d1=0.75"/0.01905 m, d2=0.375"/0.009525 m) 
A = Area (m2) 
Q = Flow Rate 
(gpm) 
Q = Flow Rate 
(m3/s) 
u = Velocity 
(m/s) 
2.14x10
-4
 3.0 1.89x10
-4
 0.884 
    Reynolds Number   Re = u*(Dh / ν) ->  Test Section 
u = Velocity (m/s) 
Dh = Hydraulic 
Diameter (m) 
v = Kinematic 
Viscosity (m2/s) 
Re = Reynolds 
Number 
0.884 9.53x10
-3
 3.26x10
-6
 2583 
Table 21: Velocity and Reynolds number at Test 2 flow rate for the pump in the test section 
Main Loop  -> Colebrook Equation (Turbulent Flow) -> 1/(f^1/2) = -2.0*log((2.51/(Re*f^1/2))+(k/Dh)/3.72) 
Re = Reynolds Number 
k = Pipe 
Roughness 
(m) 
k/Dh =  Relative 
Roughness 
f = Friction Factor (Found Through 
Iteration) 
4236 1.5x10
-6
 8.61x10
-5
 0.0123 
 
Test Section -> Colebrook Equation (Turbulent Flow) -> 1/(f^1/2) = -2.0*log((2.51/(Re*f^1/2))+(k/Dh)/3.72) 
Re = Reynolds 
Number 
k = Pipe 
Roughness (m) 
k/Dh =  
Relative 
Roughness 
f = Friction Factor (Found Through Iteration) 
2583 1.5x10
-6
 1.57x10
-4
 0.0138 
Table 22: Friction factors calculated at Test 2 flow rate 
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Flow Rate @ Test 2  PSI Safety Factor (25%) Feet Head Safety Factor (25%) 
Pressure Loss 8.14 10.17 19.68 24.60 
Table 23: Pressure loss at Test 2 flow rate 
Velocity u =  Q/A (Test Section d1=0.75"/0.01905 m, d2=0.375"/0.009525 m) 
A = Area (m2) 
Q = Flow Rate 
(gpm) 
Q = Flow Rate 
(m3/s) 
u = Velocity 
(m/s) 
2.14x10
-4
 3.5 1.26 x10
-4
 1.032 
    Reynolds Number   Re = u*(Dh / ν) ->  Test Section 
u = Velocity (m/s) 
Dh = Hydraulic 
Diameter (m) 
v = Kinematic 
Viscosity (m2/s) 
Re = Reynolds 
Number 
1.032 9.53x10
-3
 3.26x10
-6
 3014 
Table 24: Velocity and Reynolds number at Test 3 flow rate for the pump in the test section 
Main Loop  -> Colebrook Equation (Turbulent Flow) -> 1/(f^1/2) = -2.0*log((2.51/(Re*f^1/2))+(k/Dh)/3.72) 
Re = Reynolds Number 
k = Pipe 
Roughness 
(m) 
k/Dh =  Relative 
Roughness 
f = Friction Factor (Found Through 
Iteration) 
4942 1.5x10
-6
 8.61x10
-5
 0.0122 
 
Test Section -> Colebrook Equation (Turbulent Flow) -> 1/(f^1/2) = -2.0*log((2.51/(Re*f^1/2))+(k/Dh)/3.72) 
Re = Reynolds 
Number 
k = Pipe 
Roughness (m) 
k/Dh =  
Relative 
Roughness 
f = Friction Factor (Found Through Iteration) 
3014 1.5x10
-6
 1.57x10
-4
 0.0137 
Table 25: Friction factors calculated at Test 3 flow rate 
Flow Rate @ Test 3 PSI Safety Factor (25%) Feet Head Safety Factor (25%) 
Pressure Loss 8.86 11.08 21.43 26.79 
Table 26: Pressure loss at Test 3 flow rate 
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Figure 10: Test 1 Bubble begins to grow in expected location 
Figure 11: Test 1 Bubble continues to grow 
22 
 
Figure 12: Test 1 Bubble departure 
Figure 13: Test 2 Bubble growth begins 
Original growth site 
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Figure 14: Test 2 Bubble continues to grow 
 
Figure 15: Test 2 Bubble departure 
Original growth site 
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Figure 16: Test 3 Bubble growth begins 
Figure 17: Test 3 Bubble continues to grow 
25 
 
Figure 18: Test 3 Bubble departure 
 
Figure 19: Beginning of bubble growth with PIV on and particles floating in fluid 
Original growth site 
Example of 
floating glass particles 
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Figure 20: Bubble continues to grow with the PIV on and particles floating in the fluid 
Figure 21: Bubble departure with the PIV on and particles floating in the fluid  
Original growth site 
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